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Abstract: Hip resurfacing is proposed as an alternative to total hip replacement (THR) for treatment of 
osteoarthritis (OA), especially for younger, heavier and more active sufferers. There is however, 
concern with regards to the incidence of post operative femoral neck fractures. We have investigated, 
with finite element models, the changes in stress and strain in the femoral neck following hip 
resurfacing. We have included several different bone material property values representing normal, 
elderly, osteoarthritic and osteoporotic bone. We have also modelled two different hip implant 
orientations. We have shown that hip resurfacing may increase the magnitude of stress and strain in 
the femoral neck, especially in osteoporotic bone. We have also shown that the superolateral offset 
associated with the valgus orientation, not the valgus orientation itself, may be what reduces the 
stress and strain in the neck and leads to lower incidence of fracture. 
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1 Introduction 
Hip resurfacing is an alternative to total hip replacement (THR) for treatment of osteoarthritis (OA), 
especially for younger, heavier and more active sufferers. Rather than remove the entire proximal 
head and neck of the femur, as in the case of  THR, only the diseased bone near the articulating 
surface of the femoral head is removed and is replaced by a metal on metal articulation with a cup 
inserted into the acetabulum of the pelvis. Despite increasing acceptance and prevalence of hip 
resurfacing there are still concerns over its performance and some debate about whether it should be 
used or not [1]. One particular concern is the occurrence of early (within 6 months) post-operative 
fractures of the femoral neck [2,3]. These fractures have occurred both during normal gait and from 
falls [2]. Fracture occurrence has been correlated with the varus-valgus (angular orientation) position 
of the femoral prosthesis, with more valgus being less likely to be associated with fracture [2-5]. 
Finite element (FE) analysis has been employed by several investigators to gain insight into how the 
stress and strain changes after resurfacing surgery from that which occurs in the normal bone. Early 
studies using 2D finite element models corroborated the hypothesis that stress shielding occurs under 
the much stiffer implant [6,7]. More recent studies have used detailed 3D models to more accurately 
predict the changes in the state of stress and strain in the post operative proximal femur and to 
examine the effect of changes to various parameters such as cementing and bonding technique [8,9], 
varus-valgus orientation [10] and osteoporosis [11]. Most of the previous studies have only included 
one bone quality condition considered to represent normal bone. The exceptions are [11] who 
included a normal bone and an elderly/osteoporotic bone and [9,10] who included 16 different 
bones in a multi-femur study but did not identify or distinguish between bone conditions when 
reporting results. 
Several experimental studies have shown that there can be quite considerable differences in the 
material properties of osteoarthrotic and osteoporotic (OP) bone [12-16] and that while femoral neck 
fracture of the intact hip is common in OP patients it is rare in OA patients [12]. At present, to the best 
of the authors knowledge, there are no published finite element studies of hip resurfacing that 
explicitly include material properties that represent osteoarthritic bone. Also, what is considered to be 
normal bone in terms of material properties varies between researchers. The purpose of our study 
was to parametrically assess how different material property assignments and bone quality conditions 
affect the stress and strain magnitude and distribution in the intact  and resurfaced femur. 
  
2 Methods and materials 
The femoral bone geometry used in this study is that of a composite artificial bone analogue 
manufactured by Pacific Research Labs (Vashon, Washington, USA). This composite bone has been 
shown in mechanical validation studies to simulate the mechanical behaviour of real bone [17]. It has 
been proposed in the biomechanical research community as a standardised femur geometry for use 
in biomechanical studies [18]. A CAD model of the large left 3rd generation composite femur [19] was 
used in this study. This CAD model, along with many others, may be freely downloaded from the BEL 
Repository at the Biomedtown website [20]. The parasolid version of the femur geometry was 
imported into SolidWorks. The femur was virtually operated on to resect the femoral head and insert 
the femoral implant (Figure 1). The femoral implant model, based on the geometry of the Birmingham 
Hip Replacement (BHR) (Smith & Nephew Inc, Memphis, TN), was constructed in SolidWorks. Two 
versions of the resurfaced hip were created, one with the femoral implant in a neutral position aligned 
with the femoral neck axis (Figure 1 d)) and a second, with the implant rotated about the centre of the 
head to be positioned 8° in valgus (Figure 1 e)). The implant was offset 1mm along the implant stem 
axis to allow for the cement mantle. The intact femur model and the two resurfaced femur models 
were saved in parasolid file format and imported into the general purpose finite element pre and post 
processing software Patran (MSC Software, Santa Ana, CA). Finite element models were generated 
with 10 node tetrahedral elements with global edge length set at 3mm (approx 330k degrees of 
freedom (dof)) and internal coarsening of the mesh allowed. Two other test models were created at 
6mm (approx 100k dof) and 2mm (approx 800k dof) global edge length to check convergence. 
Bone can be considered to be made up of two distinct types, the outer cortical bone and the inner 
cancellous (or trabecular) bone. Cortical bone is much harder, stiffer, stronger and denser than the 
cancellous bone which has an open cellular structure. Material property assignment in previous finite 
element studies varies from assigning one material to all cortical bone and another material to all 
cancellous bone [19, 21] to mapping material property values from a CT scan to individual elements 
within the FE model [9-11]. What is considered to be normal bone differs among researchers and 
analysis methods. For example, one study [21] of hip resurfacing using the standard composite femur 
set the cortical Youngs Modulus, E = 17.3 GPa, and Poissons Ratio, n = 0.29, cancellous E = 1.0 
GPa, n = 0.29, whereas another study [19] set cortical E = 10GPa and cancellous E = 0.206GPa. 
Bone material properties also change with age  [22]. Associated with aging is the incidence of 
osteoarthritis and osteoporosis, both of which affect the quality of bone and its mechanical properties. 
In compression tests of trabecular bone from human femoral neck, the stiffness (Youngs Modulus) 
and yield strength of OA bone was shown to be approximately 3 times greater than normal (p<0.05) 
[15]. OP bone stiffness was approximately 30% lower than normal. Stiffness of subchondral bone in 
OP was reduced by 22%, but in OA by 14% compared with normal [13]. It was also shown that inferior 
bone is significantly less stiff than the rest of the subchondral bone, especially for OP (nearly 50% less 
than normal inferior subchondral bone) whereas the reduction in stiffness at the same location for OA 
was only about 10%. Femoral head cancellous bone Youngs Modulus in OA (E=356MPa) and OP 
(E=247MPa) has been shown to be significantly different (p<0.05)) to normal (E=310MPa) [14]. 
However, another study [16] reported that femoral head cancellous bone in OA is neither significantly 
stronger nor stiffer than normal cancellous bone but they do show superior femoral head cancellous 
bone (which would include the primary trabecular region) to be up to 4-5 times stiffer and stronger 
than inferior bone for both normal and OA. Nevertheless, OA is not significantly lower than normal as 
is OP bone stiffness and strength. In a previous finite element study of femoral neck fracture risk, the 
researchers reduced the elastic modulus of cortical and cancellous bone in their OP model by 
approximately 32% and 66% respectively [11,23]. 
Material properties of both cortical and cancellous bone vary spatially within the proximal femur. For 
example, trabecular Youngs Modulus (aligned with neck axis) for the femoral head (E=900MPa); neck 
(E=616MPa); and intertrochanteric region (E=263MPa) has been reported [24]. In the femoral head 
there is a region of stiffer primary trabecular bone which runs from the superomedial head down to the 
calcar in the inferior neck. The cancellous bone in this region has been shown to be two [25] to five 
[16] times stiffer than the surrounding cancellous bone. Stiffness of calcar bone has been shown to be 
approximately 7.5% less than stiffness of diaphysial femoral cortex [15]. Mean longitudinal Youngs 
Modulus (9.65GPa) at the intertrochanteric region may be 24% less than in the main shaft (12.5GPa) 
[26]. In one study [23] the Youngs Modulus was modified based on cortical shell thickness (t=0.5-0.9, 
E=3.0; t=1.0-1.9, E=7.0; t=2.0-2.9, E=12.5; t=3.0+, E=17.0; t in mm, E in GPa, n=0.45 in all cases) 
which would, in general, result in lower stiffness in the head, and increase through the neck, 
  
intertrochanteric region to the femoral shaft. This general trend has been included in the material 
property assignments in all but one of our models (Figure 1 c)). In the neck and trochanteric regions, 
superolateral stiffness would be less than that inferomedially due to the thinner cortical bone but this 
variation has not  been included in our models.  
Based on the typical material properties described above, five bone quality conditions Normal 1, 
Normal 2, osteoarthritic (OA), Old (or mildly OP) and osteoporotic (OP) have been defined as shown 
in Table 1. These have been applied to the head, primary trabecular, neck and intertrochanteric 
regions as shown in Figure 1 b) and c). 
 
Table 1 Material properties for each bone quality condition and region (all values in GPa) 
Property Normal 1 Normal 2 Old  OA OP 
Head 
Ecortical 
Ecancellous 
Eprimary trabecular 
 
10 
1 
1 
 
3 
1 
2 
 
2 
0.8 
1.6 
 
3 
1.15 
2.3 
 
2 
0.3 
0.6 
Neck 
Ecortical 
Ecancellous 
 
10 
1 
 
10 
0.6 
 
7 
0.3 
 
10 
1 
 
7 
0.2 
Intertroch. 
Ecortical 
Ecancellous 
 
10 
1 
 
12.5 
0.3 
 
8.5 
0.1 
 
12.5 
0.3 
 
8.5 
0.1 
 
 
  
a) b) c) 
 
d) e) f) 
Figure 1 a) Intact proximal femur showing cortical and cancellous regions, b) and c) resected femoral head 
showing bone regions, d) resurfaced femoral head with neutral implant orientation, e) resurfaced femoral head 
with approximately 8° valgus implant orientation, f) loading and boundary conditions 
Primary trabecular region 
head 
Inferomedial 
neck 
superolateral 
neck 
Intertrochant
-eric region 
cortical bone 
cancellous 
bone 
hip contact 
pressure 
rigid 
support 
  
Poissons Ratio for all bone material properties was set at 0.4 (a va lue within the range of published 
values). Material properties for the Cobalt-Chromium implant were E = 200GPa, n = 0.3 and for the 
cement E = 2.5GPa, n = 0.3 
All models were loaded with just the hip joint contact force (without the abductor muscle force) 
replicating the peak force at 20% of the gait cycle in normal walking [27] . The abductor force has not 
been included so as to assist with assuring consistency of loading between models and reduce the 
number of load checking runs required. Since its  omission changed the stress in the region of interest 
by less than 5%, and as this study is mainly comparative in nature, this is considered valid. Also, only 
the bone proximal to, and including, the intertrochanteric region has been modelled. A test model that 
included 80mm of femoral shaft distal to the intertrochanteric region was analysed. Stresses in the 
region of interest differed by less than 2%. The components of the resultant force in the femur 
coordinate system are Fx = 52, Fy = 32, Fz = 225 % of body weight (836N). The hip contact force has 
been applied with a spatially varying pressure load. The force and moment components of the applied 
load were determined in a check run to ensure consistency (less than 2% variation) of loading 
between all models. All material interfaces were modelled as fully tied. FE analysis was carried out 
with MD Nastran (MSC Software, Santa Ana, CA) linear static solution using an iterative solver. 
3 Results 
The maximum values of several stress and strain measures for the superolateral neck region have 
been extracted from the analysis results and are presented in Table 2. The stress and strain measures 
obtained were the maximum principal stress s1 and strain e1, and equivalent (or von-Mises) stress svm 
and strain evm. 
Table 2  Stress and strain results in the superolateral subcapital neck region 
 Normal 1 Normal 2 Old OA OP 
Anatomical 
s1 
svm 
e1 
evm 
 
19.4 
16.3 
1.57 
1.52 
 
19.5 
16.5 
1.60 
1.54 
 
20.0 
16.9 
2.35 
2.25 
 
18.3 
15.5 
1.52 
1.45 
 
22.7 
19.1 
2.60 
2.55 
Neutral 
s1 
svm 
e1 
evm 
 
20.1 
17.4 
1.66 
1.62 
 
20.7 
17.8 
1.71 
1.67 
 
21.4 
18.4 
2.52 
2.46 
 
19.0 
16.4 
1.59 
1.54 
 
25.3 
21.7 
2.92 
2.89 
Valgus 
s1 
svm 
e1 
evm 
 
21.6 
18.6 
1.79 
1.73 
 
22.3 
19.1 
1.84 
1.78 
 
23.0 
19.7 
2.69 
2.63 
 
20.3 
17.4 
1.70 
1.63 
 
27.8 
23.7 
3.17 
3.17 
Stress is in MPa and strain is x10 -3. 
To more easily see the differences in results between the various bone quality conditions and implant 
orientation, the change in the equivalent stress and strain of neutral and valgus resurfaced hip over 
the intact femur for each bone quality case are shown in Figure 2. Charts for maximum principal stress 
and strain are similar. Our results clearly show the deleterious effect that osteoporotic bone conditions 
have on the state of stress and strain in the femoral neck of the resurfaced hip, especially if the strong 
correlation between bone stiffness and strength is considered. That is, the increased stress levels due 
to lower bone stiffness coincide with lower bone strength. It can also be seen that OA conditions act to 
reduce the magnitude of stress and strain. However, as previously mentioned there is still some 
disagreement about the magnitude and spatial variation of the stiffness and strength of OA bone. 
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Figure 2 Percent change in equivalent stress and strain of neutral and valgus resurfaced hip over intact femur for 
each bone quality case. The maximum value at the superolateral neck region has been used. 
In our analysis, the von-Mises equivalent stress and strain and the maximum principal stress and 
strain in the superolateral neck are greater for the valgus implant orientation than for the neutral 
orientation. This result is contrary to the general finding of a multi-femur FE analysis [10], a 
biomechanical numerical analysis [4] and clinical experience which shows that increased fracture risk 
is correlated with greater varus angle [2 -5]. In the only other previous FE study [10] in which varus-
valgus orientation is analysed it is unclear, and not explicitly stated, whether the centre of rotation to 
produce the varus valgus angles is at the centre of the head or not. However, their figures showing 
models with results would indicate that it may not be and, in fact, they state that they have not 
analysed the effects that changing the femoral offset may have on the applied forces. Therefore, the 
results of their analysis may include a change in the loading due to a translational change in the 
position of the head/implant. Also, in their work which includes 16 different femurs, they show quite 
considerable overlap in the range of strain for the varus-neutral-valgus positionings. Although they 
show a trend of decreasing strain from varus to valgus it is unknown whether there were any instances 
where the strain for a valgus orientation was greater than for the neutral or varus position. Theoretical 
biomechanical calculations, employing straight beam theory, of the stress in the neck a short distance 
away from the head neck junction predict that stress would be unchanged by varus-valgus positioning 
if the centre of rotation coincides with the centre of the spherical implant (i.e. zero offset). It is 
hypothesised that the differential stiffness between cortical and cancellous bone causes this difference 
between the neutral and valgus orientations. To test this, the valgus and neutral models in this study 
were run again with all materials set to a Youngs Modulus of 10GPa. The difference between the two 
models for all stress and strain measures in the superolateral neck was less than 1%. Thus, it would 
appear that the relative magnitudes of cortical and cancellous material properties and cortical 
thickness affect the relationship between neck stress and strain and varus-valgus orientation in a 
complex way that requires further investigation.  
  
Figure 3 a) original valgus implant position, b) offset valgus implant position 
Also, a second Valgus model was constructed in which the implant was positioned with the same 
valgus angle as the original model but with a superolateral offset as shown in Figure 3. Material 
properties were as for Normal 1. The maximum stresses and strains in this model were 
approximately 8% lower than the intact femur, 14% lower than neutral, and 19% lower than valgus 
models. This reduction in stress and strain is due to the change in location of the centre of the 
  
spherical implant and thus the line of action of the resultant hip contact force. Although the magnitude 
and orientation of the resultant force are unchanged between models, the bending moment of this 
force about an axis through the neck is reduced, thus reducing the magnitude of the bending stress 
and strain in the neck. Also, this implant positioning makes it more likely that all superolateral 
cancellous bone will be covered by the implant. 
3 Conclusions and recommendations 
Finite element investigation of the femoral neck following hip resurfacing with the Birmingham Hip 
Replacement has shown the magnitude of stress and strain may be increased in this region in 
comparison to the intact fe mur. Also, our analyses with material properties that represent osteoporotic 
bone quality have shown that hip resurfacing exacerbates the risk of fracture of the neck. However, 
most patients receiving BHR do so for osteoarthritis which is seen to ameliorate the risk of femoral 
neck fracture. In line with clinical recommendations, it is important to select patients for BHR who have 
no, or minimal, evidence of osteoporosis. The biomechanical reasons why a more valgus orientation 
seems to protect against femoral neck fracture (as seen clinically) appears to be more complex than 
first thought. The superolateral offset associated with the valgus orientation, not the valgus orientation 
itself, may be what reduces the stress and strain in the neck and leads to lower incidence of fracture. 
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